The mechanisms preventing efficient remyelination in the adult mammalian central nervous system after demyelinating inflammatory diseases, such as multiple sclerosis, are largely unknown. Partial remyelination occurs in early disease stages, but repair capacity diminishes over time and with disease progression. We describe a potent candidate for the negative regulation of oligodendroglial differentiation that may underlie failure to remyelinate. The p57kip2 gene is dynamically regulated in the spinal cord during MOG-induced experimental autoimmune encephalomyelitis. Transient down-regulation indicated that it is a negative regulator of post-mitotic oligodendroglial differentiation. We then applied short hairpin RNA-mediated gene suppression to cultured oligodendroglial precursor cells and demonstrated that downregulation of p57kip2 accelerates morphological maturation and promotes myelin expression. We also provide evidence that p57kip2 interacts with LIMK-1, implying that p57kip2 affects cytoskeletal dynamics during oligodendroglial maturation. These data suggest that sustained down-regulation of p57kip2 is important for oligodendroglial maturation and open perspectives for future therapeutic approaches to overcome the endogenous remyelination blockade in multiple sclerosis.
M
ultiple Sclerosis (MS) is the most common inflammatory demyelinating disease of the human central nervous system (CNS), featuring gradual degeneration and loss of previously established functional myelin sheaths and, eventually, of oligodendrocytes. As a consequence, saltatory nerve conduction is impaired, and axons are damaged (1, 2) . The disease course can be highly variable, and most patients first experience recurrent and reversible neurological symptoms (relapsing-remitting MS) before a transition to secondary progressive MS occurs (3) .
Oligodendrocytes, as the myelin-producing cells of the CNS, are key target cells in MS. Immune-mediated attack on the myelin sheaths leads to functionally impaired glial cells and may induce oligodendroglial death (4) . Despite a generally limited regeneration capacity of the adult CNS, remyelination does occur, particularly in early disease stages, and can lead to functional improvement most likely resulting from activation of resident oligodendrocyte precursor cells (OPCs) that can differentiate into functional myelinating cells (5) . Nevertheless, compared with peripheral nervous system (PNS) lesions in which remyelination of nerve fibers is widely observed, remyelination of CNS lesions is insufficient and rarely leads to a complete clinical remission. This insufficiency may result from the limited size of the OPC pool in the CNS as well as incomplete OPC activation and/or differentiation.
Several lines of evidence suggest that deficient remyelination may be a result of blocked cellular differentiation (6, 7) ; the transcriptional regulators, Hes1, Hes5, Id2, and Id4, the Notch signaling pathway, and the transmembrane protein LINGO-1 all negatively influence oligodendroglial differentiation (8) (9) (10) (11) (12) (13) (14) . However, the expression of inhibitory factors might be stage specific, with the differentiation process regulated differently for early progenitors versus adult resident precursor cells. This circumstance suggests that remyelination in adults is a process different from myelination during development, reflecting differences between perinatal and adult OPCs (15) . In addition, normal developmental processes do not occur in the background of an inflammatory disease, which further highlights the need to explore remyelination in adult MS-related model systems.
In this study, we demonstrate that the p57kip2 gene is regulated during the course of MOG-induced experimental autoimmune encephalomyelitis (EAE), a model that shares many pathological features with MS, including partial remyelination (16, 17) . Its observed transient down-regulation before disease remission suggests it to be an intrinsic inhibitor of oligodendroglial (re)differentiation. As a member of the cip/kip family, p57kip2 was originally described as a cyclin-dependent kinase inhibitor (CDKI), but a number of other cellular processes were recently shown to depend on cip/kip proteins (18) . For instance, long-term suppression of p57kip2 in Schwann cells, the myelinating glial cells of the PNS, efficiently induces their differentiation in culture, even in the absence of axons (19) . We therefore investigated the impact of down-regulated p57kip2 levels on oligodendroglial maturation and report here that this results in acceleration of cellular differentiation in vitro. These findings may influence our understanding of naturally occurring remyelination, and down-regulation of the p57kip2 gene could provide the basis for remyelination therapies.
Results

Dynamic Regulation of p57kip2 Expression in the Diseased Spinal
Cord. We performed quantitative RT-PCR analysis of spinal cord RNA to determine changes in p57kip2 expression during the course of EAE induced by immunization of DA rats with MOG protein. Most prominent was a strong down-regulation of p57kip2 expression during the first bout (at 11 days) and a moderate down-regulation during the second bout (at 22 days), indicating that lowered p57kip2 expression levels correlate with the onset of remission ( Fig. 1 A and B) . Beyond 28 days, no further regulation of p57kip2 expression was observed. Immunostaining revealed many p57kip2 expressing cells throughout the healthy spinal cord (Fig. 1C) . EAE-related inflammation resulted in decreased transcript levels reflected by a lower number of p57kip2-positive cells (shown for 11 days after MOG immunization in Fig. 1D ). Interestingly, we observed that the reduction of the p57kip2 signal was overall and not dependent on direct contact with infiltrating immune cells (dashed line in Fig. 1DЈ ). In the white matter of healthy adult spinal cord ( Fig.  1 E and EЈ) and at the end of the second bout (24 days after MOG immunization; Fig. 1 F and FЈ) , p57kip2-positive cells were mostly CC1-positive oligodendrocytes. A lower number of p57kip2-positive cells expressed the oligodendrocyte precursor marker platelet-derived growth factor receptor-␣ (PDGFR-␣; Fig. 1 G and GЈ) . We detected no strong p57kip2 signals in infiltrating immune cells (Fig. 1DЈ ) and no overlap with GFAP signals, indicating that astrocytes did not contribute to the p57kip2 signals. Of note, in the healthy spinal cord the majority (Ͼ90%) of p57kip2-expressing cells displayed strong nuclear as well as perinuclear p57kip2 signals (Fig. 1E, arrows) , whereas a lower number of cells showed only cytoplasmic/perinuclear signals of weaker intensity (Fig. 1E, arrowhead) . This latter subpopulation was substantially increased in the diseased spinal cord ( Fig. 1F and FЈ) , indicating that p57kip2 down-regulation might be accompanied by protein relocation. The observation that p57kip2 down-regulation fades over time can therefore be interpreted as this gene acting as oligodendroglial inhibitor in (advanced) pathophysiological situations.
Regulation of p57kip2 Expression in Cultured Oligodendroglial Cells.
As a next step, we investigated expression and regulation of p57kip2 in cultured primary oligodendroglial cells derived from newborn rat cortices. Oligodendrocyte precursor cells (OPCs) were induced to differentiate in culture by means of growth factor withdrawal and then analyzed for gene and protein expression. Determination of gene expression levels by means of real-time quantitative RT-PCR demonstrated an initial increase of p57kip2 expression concomitant with cell cycle exit and differentiation onset followed by decreasing transcript levels during the course of cellular maturation ( Fig. 2A) . This process was accompanied by a moderate induction of CNPase- (Fig. 2 A) as well as a strong induction of MBP expression. A similar biphasic expression profile has already been described for cultured OPCs derived from P7 optical nerves (20) .
Following the observation that p57kip2 is down-regulated in both the remyelinating spinal cord as well as in differentiating OPCs, we determined to what degree p57kip2 gene suppression affects the cellular differentiation process. To this end we applied RNA interference to decrease this gene's activity in cultured oligodendroglial cells. However, silencing RNA (siRNA) dependent approaches led only to transient suppression of p57kip2 expression. As an alternative, we used a small hairpin RNA (shRNA) cassette (19) , which allows long-term p57kip2 suppression and was previously shown to be specific for p57kip2 and free from off-target effects, such as an IFN response induction (19) . By using this approach, oligodendroglial p57kip2 expression could be reduced for up to 9 days as shown by quantitative RT-PCR of transfected and sorted OPCs 2 days following transfection ( Fig. 2B ) as well as by anti-p57kip2 immunostaining 6 days following transfection ( Fig. 2 C and D) . Note that among cultured OPCs, cells with strong nuclear p57kip2 expression (double arrowhead) as well as cells with perinuclear and cytosolic expression only (arrowhead) were detected.
Reduced p57kip2 Levels Lead to Accelerated Oligodendroglial Differentiation. A number of different pathways are known to promote oligodendroglial differentiation featuring different patterns of gene expression (21, 22) . Growth factor withdrawal results in immediate cell cycle exit and differentiation onset, whereas environmental cues such as retinoic acid or thyroid hormone appear to depend on an intracellular molecular clock (23, 24) . To determine to what degree decreasing levels of p57kip2 affect differentiation kinetics, we used mitogen withdrawal to study maturation of post-mitotic cells and determined the distribution of cellular morphologies of control-transfected and p57kip2-suppressed oligodendroglial cells (Fig. 3) . For visualization, OPCs were co-transfected with a citrine expression vector as described previously (19) . Differentiation of cultured OPCs is not synchronized and thus is seen as a heterogeneous population of cells with various degrees of maturation, featuring increasing numbers of processes and secondary branches. In our analysis, we distinguished 6 different morphologies (see bar at the bottom of Fig. 3E ) from a ''very low'' number of processes in progenitor cells to multiple process-bearing cells (''low,'' ''medium,'' and ''high'') to mature cells with a ''very high'' degree of arborization or a flattened appearance (''sheaths''). Twenty-four hours after transfection, PDGF-AA and bFGF were withdrawn from the culture, and OPCs were exposed to low serum containing medium stimulating differentiation. After 24 h in this differentiation-promoting medium, p57kip2-suppressed cells appeared to be slightly advanced in their morphological maturation. However, at later time points (3, 6 , and 9 days postdifferentiation onset), a strong acceleration of morphological maturation was observed in p57kip2 suppressed cells (gray bars) compared with control transfected cells (black bars; Fig. 3 
C-E).
This maturation-promoting effect was also observed when additional myelin-enhancing stimuli were provided such as thyroid hormones and/or ciliary neurotrophic factor (CNTF) (12, 20, 25) or in presence of growth factors, indicating that this differentiation-promoting effect is a specific consequence of lowered p57kip2 levels. Oligodendroglial maturation is also reflected by the induction and expression of specific marker proteins. We determined whether the pattern of marker expression was altered on p57kip2 suppression (Fig. 4) . Following transfection and subsequent induction of cellular differentiation, control and p57kip2-suppressed cells were fixed at various time points and subjected to immunofluorescent staining with antibodies directed against the early marker O4 as well the myelin proteins CNPase (2Ј,3Ј-cyclic nucleotide 3Ј-phospho-diesterase), MBP (myelin basic protein), and MOG (myelin oligodendrocyte glycoprotein). We demonstrated that down-regulation of p57kip2 leads to a significant induction of oligodendrocyte markers at all time points investigated and shown for CNPase, O4, and MBP 2 days and MOG 4 days following initiation of cell differentiation (Fig. 4) . Similar to the morphological analysis presented above, this marker induction was observed under a variety of culture conditions stimulating OPC differentiation.
p57kip2 Overexpression Can Induce LIMK-1 Nuclear Translocation. It has previously been shown that the p57kip2 protein can directly interact with LIM domain containing binding partners such as LIMK-1 (26), and we gathered preliminary evidence that in Schwann cells such specific protein/protein contacts can occur (27) . Given that cytosolic LIMK-1, through phosphorylation of cofilin, can affect actin filament stability, hence, cell shape and motility, such an interaction might be part of p57kip2's mode of action in inhibiting oligodendroglial differentiation. We therefore investigated the subcellular localization of LIMK-1 in cultured OPCs. In addition, we evaluated the impact of p57kip2 overexpression on an existing subcellular LIMK-1 distribution (Fig. 5 ). OPCs were either co-transfected with a p57kip2-overexpressing or an empty control vector together with the citrine expression vector (19) . Differentiation promoting medium was added and, after 48 h cells, were scored for LIMK-1 subcellular localization by means of immunofluorescence staining. In nontransfected and control-transfected cells, 2 subpopulations of LIMK-1 expressing OPCs were observed. In the majority of cells, signals could be detected in cellular processes and soma (including cell nucleus; Fig. 5 C and CЈ) , whereas a minority of cells displayed strong nuclear signals and reduced LIMK-1 in processes ( Fig. 5 B and BЈ) . Following p57kip2 overexpression, a significant increase in the number of cells with nuclear signals could be observed (Fig. 5A ), indicating that in oligodendroglial cells p57kip2 can translocate LIMK-1.
Discussion
We demonstrate that expression of the p57kip2 gene is transiently down-regulated under inflammatory, demyelinating, pathophysiological conditions before the onset of disease remission. Mimicking down-regulation by means of long-term shRNA dependent suppression demonstrated that differentiation of oligodendroglial cells is accelerated in response to lowered p57kip2 levels. Our previous studies revealed a similar function in the related Schwann cell lineage (19) , and together these data strongly suggest that p57kip2 encodes an intrinsic inhibitor of myelinating glial cell differentiation. Whereas cultured Schwann cells are not able to differentiate spontaneously, at least when p57kip2 levels are unchanged, they readily do so in the lesioned or diseased PNS, which contributes to successful nerve repair (28) . Cultured OPCs can differentiate but in vivo their capacities to adapt and to de-and redifferentiate are highly limited, resulting in conduction deficits and subsequent axonal degeneration (1, 2). Apart from inhibitory influences from the surrounding tissue, intrinsic blockades such as that provided by p57kip2 may also account for these differences between glial cell types (6, 7) and the ability to control inhibitor expression levels may dictate whether remyelination and repair can occur. Considering that substantial regulation by p57kip2 is only seen in early disease stages, it could be responsible for the limited regeneration capacity of the inflamed CNS seen later in disease. These data all suggest that disease-stage specific regulation of p57kip2 could constitute a promising approach for future remyelination therapies.
In a recent study on cultured P7-P8 optical nerve oligodendrocytes, it was shown that the induction of p57kip2 is a component of the intracellular timer mechanism that controls the differentiation onset in the presence of mitogens and on specific differentiation cues (20) . We here demonstrate that the secondary decrease in p57kip2 expression is functionally coupled to the maturation process and does not only constitute the downside of the peak expression. It therefore appears that p57kip2 controls oligodendrocyte differentiation at various levels and via several pathways. The extent of up-and downregulation is probably dependent on the OPC source and differentiation state [e.g., whether or not additional selection markers such as O4 (20) were used]. Such differences might even be more widespread among the different oligodendroglial lineages (29) and could include contributions from p21cip1 and p27kip1 (30, 31) . However, precursor cell cycle control in the adult CNS appears not to depend on p57kip2 induction, because up-regulation was clearly not detected during the course of MOG-induced EAE in our studies. It is therefore possible that such a (p57kip2-dependent) timer function does not act on adult OPC differentiation and that adult remyelination is primarily regulated by epigenetic mechanisms (32) .
In contrast to our data, Dugas and colleagues (20) reported a negative effect on OPC differentiation of siRNA-dependent suppression in presence of growth factors, an effect which was substantially reduced on withdrawal of growth factors. Under these conditions, combined suppression of p57kip2 and p27kip1 appeared to have a much larger effect, supporting the idea that several CDKIs act together. Our findings, on the other hand, show that p57kip2 suppression promotes maturation (Figs. 3 and  4) . Although it cannot be excluded that OPCs from different sources respond differently to RNA interference, this difference could be simply technical because we were neither able to stably suppress p57kip2 expression by using siRNAs in primary Schwann cells (19) nor in OPCs, and instead used shRNAencoding constructs. However, for both procedures, we used identical interference sequences recognizing all known cDNA sequences of the rat p57kip2 gene. This DNA approach was previously shown to be specific for p57kip2 and free from off-target effects (19) and we verified that suppression was achieved and also maintained (Fig. 2) . It thus appears that a sustained down-regulation is imperative for an effect on OPC differentiation and that the vector based shRNA approach is highly efficient.
Because we found that long-term p57kip2 suppression accelerates differentiation parameters under a number of different culture conditions, including that used for P7-P8 optical nerve cells (20) , it is unlikely that functional differences were because of different culture media compositions.
A general assumption is that mature oligodendrocytes are not able to de-and redifferentiate and that therefore remyelination must be a consequence of resident precursor cell activation. It was therefore surprising to see that almost all oligodendroglial cells within the spinal cord clearly down-regulated p57kip2, independent on whether they were mature or precursor cells or whether they were close to immune infiltrates. In light of this strong overall regulation in early phases of MOG-induced EAE, one could speculate that in such situations the majority of cells at least attempt to attain a cellular state during which redifferentiation and repair is facilitated. Whether the observed overall down-regulation of p57kip2 in early phases allows both cell types (resident precursor cells as well as CC1-positive oligodendrocytes) to adapt, at least partially, with precursor cells being more efficient or successful in executing differentiation, is currently unknown and awaits functional experiments in vivo.
Down-regulation of p57kip2 in vivo appears to be a consequence of inflammation. Nevertheless, our data suggest that either the signaling molecules controlling p57kip2 expression differ at different stages of disease or that the oligodendroglial capacity to respond diminishes over time. Either mechanism could be responsible for the observation that less regulation can be seen in later attacks and during progression to more chronic stages. It is also not known what signals account for this overall p57kip2 regulation during inflammation. The identification of such presumably diffusing regulatory factors could promote the development of p57kip2-based remyelination therapies, and thus provide an alternative approach to the currently available in vivo gene suppression approaches (33) .
Our overexpression studies indicate that p57kip2 interacts with LIMK-1. It is therefore conceivable that subtle changes of p57kip2 levels, such as on down-regulation in vivo or in cultured cells, could regulate the subcellular distribution of LIMK-1 affecting the equilibrium of enzymes and regulators that control cytoskeletal dynamics (34) . Down-regulation of p57kip2 could thus moderately increase cytosolic levels of LIMK-1, leading to increased cofilin phosphorylation and inactivation and thus promote actin filament growth and stabilization, resulting in the observed oligodendroglial morphological changes. It is tempting to speculate that such cell specific regulations of ubiquitously expressed enzymes might be involved in cell differentiation and regeneration as they occur in demyelinating diseases. Whether or not p57kip2 is the only means to control LIMK-1 activity remains to be addressed by future experiments. In addition, future experimental approaches will also be needed to understand how down-regulation of a single gene can affect multiple cellular parameters. These studies will reveal the extent of induced alterations in gene expression, whether or not they are secondary to morphological events and whether interactions with related LIM proteins account for these additional aspects of glial differentiation.
In summary, we have shown that a sustained reduction of p57kip2 expression levels in oligodendroglial cells facilitates and promotes their differentiation. This observation indicates that p57kip2 is a regulator of (re)myelination at the interface between morphogenesis and gene expression. This outcome is of particular interest regarding our still-limited understanding of (re)myelination mechanisms and will be important in defining novel strategies to promote endogenous remyelination and CNS repair. In this regard, it will be imperative to determine to what degree p57kip2 expression directly affects (re)myelination in vivo. Because p57kip2 knockout mice suffer from a number of tissue defects and die around birth (35) , such functional studies can only been carried out once suitable mouse mutants have been generated.
Materials and Methods
MOG-Induced Experimental Autoimmune Encephalomyelitis (MOG-EAE).
All rat experiments were performed in accordance with institutional guidelines. MOG-EAE was induced in 10-to 14-week-old female DA (RT1 av1 ) rats (Harlan) by active immunization with the recombinant MOG protein corresponding to the N-terminal sequence of rat MOG (amino acids 1-125) in complete Freund's adjuvans, as described previously (36) . The clinical status of the animals was scored as follows: 0 ϭ no clinical signs; 1 ϭ loss of tail tone; 2 ϭ complete tail paresis; 3 ϭ hind limb weakness; 4 ϭ complete hind limb paraplegia; 5 ϭ tetraparesis; 6 ϭ moribund state; and 7 ϭ death. Animals were followed for a maximum of 35 days and developed a multiphasic disease course with 2 episodes reaching their peak at days 11-12 and 21-22, respectively (see Fig.  1B ). For isolation of total RNA, animals were killed at days 9, 11, 18, 22, and 28 after immunization (n ϭ 3-4 per time point), corresponding to onset and peak of the first (days 9, 11) and second episode (days 18, 22) , and the time point of remission from the second episode (day 28), respectively. As controls, naïve nonimmunized DA rats (n ϭ 3) were used.
Oligodendroglial Cell Culture. Purification and culturing of OPCs was performed according to (37) . Briefly, dissociated P1 rat cortices were cultured on polyD-lysine (PDL)-coated cell culture flasks in DMEM substituted with 10% FCS and 4 mM L-glutamine. After 10 days, flasks were shaken at 250 rev/min for 2 h to deplete from microglial contamination. Then flasks were shaken for another 20 h in which OPCs were dislodged from the underlying astrocytelayer and replated on PDL-coated culture dishes or glass cover slips in high glucose DMEM-Sato-based medium containing bovine 5 g/mL insulin, 50 g/mL human transferrin, 100 g/mL BSA, 6.2 g/mL progesterone, 16 g/mL putrescine, 5 ng/mL sodium selenite, and 4 mM L-glutamine (all Sigma). Anti-A2B5 staining revealed that at this point the cultures consisted of 98% oligodendroglial cells. OPCs were either kept in proliferation medium (Sato medium with 10 ng/mL bFGF and 10 ng/mL PDGF-AA; R&D Systems and Peprotech), whereas differentiation was initiated by Sato medium which was depleted from growth factors and supplemented with either 0,5% FCS, 10 ng/mL CNTF (Chemicon) or 400 ng/mL T3/T4 thyroid hormones (Sigma). Generation and transfection of pSUPER based suppression vectors (OligoEngine) or pIRES2EGFP based expression vectors (BD Biosciences) were described previously (19) . Isolation of citrine positive OPCs was done by fluorescence activated cell sorting (FACS Aria, BD Biosciences).
Immunostaining. Immunostaining on paraffin sections from paraformaldehyde-perfused rat spinal cords or paraformaldehyde-fixed cultured cells was performed as described previously (19) . Primary antibodies were diluted as follows: rabbit anti-p57kip2 antibody (1/200; Sigma-Aldrich), mouse anti-APC/ CC1 (1/1,000; Calbiochem), mouse anti-O4-, mouse anti-PDGFR-␣-, mouse anti-A2B5 antibodies (1/100, 1/300, and 1/200, respectively; all Chemicon), mouse anti-MOG antibody (1/1,000; B. Hemmer), mouse anti-MBP-and mouse antiCNPase antibodies (1/1,000 and 1/500, respectively; both Sternberger Monoclonals) and rabbit anti-LIMK-1 (1/500; BD Biosciences). Alexa Fluor 488-, Alexa Fluor 594-, or horseradish peroxidase-conjugated antibodies (1/500; all Molecular Probes) were used for signal visualization. Nuclei were stained with DAPI (Roche).
RNA Preparation, cDNA Synthesis, and Quantitative RT-PCR. For purification of total RNA from spinal cord and cultured cells, we used the TRIzol reagent (Invitrogen) and the RNeasy procedure (Qiagen), respectively, following the protocols of the suppliers. Isolated RNA was reverse transcribed by using the high capacity cDNA Reverse Transcription Kit (Applied Biosystems). Quantitative determination of gene expression levels was performed on an ABI 7000 sequence detection system by using Power SybrGreen universal master mix (Applied Biosystems). Primer sequences were determined by means of PrimerExpress 2.0 software (Applied Biosystems) and subsequently tested for the generation of specific amplicons (for sequences see ref. 19 ). GAPDH and ODC were used as reference genes, and relative gene expression levels were determined according to the manufacturer's ⌬⌬Ct method (Applied Biosystems). Each sample was measured in quadruplicate; data are shown as mean values Ϯ SEM.
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